We have investigated the use of a cell surface antigen as a dominant selectable marker t o facilitate the detection and selection of retrovirally infected target cells. The small coding region of the human cell surface antigen CD24 (-240 bp) was introduced into a myeloproliferative sarcoma virus (MPSW-based retroviral vector, which was then used t o infect day 4 5-fluorouracil (5-FU)-treated murine bone marrow cells. Within 48 hours of termination of the infection procedure CD24-expressing cells were selected by fluorescent-activated cell sorting (FACS) with an antibody directed against the CD24 antigen. Functional analysis of these cells showed that they included not only in vitro clonogenic progenitors and day 12 colony-forming unit-spleen but also cells capable of competitive long-term hematopoietic repopulation. Dou-ECOMBINANT RETROVIRUSES provide an attractive vehicle for gene transfer based on their capacity for highly efficient infection and nontoxic integration into the genome of a wide range of cell types. Although the potential for retrovirus-mediated gene transfer efficiency approaches loo%, this may not be realized because of low viral titers or the failure to stimulate cells to divide, which is required for successful integration.',' Moreover, expression of the transferred gene(s) may not reach desired levels or be sustained, necessitating extensive analysis to identify critical regulatory sequences. Such problems are evident in current efforts to apply retroviral gene transfer to the most primitive hematopoietic cells that are rare and mostly noncycling.
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To aid in the identification, enrichment, and tracking of transduced target cells, a variety of selectable markers have been incorporated into retroviral vectors. The most widely used of these have been intracellular components that confer resistance to toxic compounds such as n e~m y c i n ,~.~ hygromycin,6-' chloramphenicol: methotrexate,'""' mycophenolic acid,14 or various chemotherapeutic agents.15"' However, use of these markers in selection protocols carry disadvantages that include nonspecific drug toxicity and difficulties in ble-antibody labeling studies performed on recipients of retrovirally transduced marrow cells showed that some granulocytes, macrophages, erythrocytes, and, t o a lesser extent, B and T lymphocytes still expressed the transduced CD24 gene at high levels 4 months later. No gross abnormalities in hematopoiesis were detected in mice repopulated with CD24-expressing cells. Our results show that the use of the CD24 cell surface antigen as a retrovirally encoded marker enables the rapid, efficient, and nontoxic selection in vitro of infected primary cells, facilitates tracking and phenotyping of their progeny, and should provide a unique tool to identify elements that regulate the expression of transduced genes in the most primitive hematopoietic cells. 0 1994 by The American Society of Hematology.
quantitating expression levels. The bacterial P-galactosidase gene (lacZ) and the human placental alkaline phosphatase gene have also been used to select transduced cells in vitro".2" and as reporter molecules both in and in However, the presence of an endogenous mammalian lysosomal &galactosidase and problems in achieving adequate levels of expression of the exogenous P-gal gene have limited its effective use.
Genes encoding cell surface antigens have also been used as selectable markers of gene transfer to fibroblast~"~~"~" and more recently to human peripheral blood lymphocytes.'' The use of such genes offers several potentially significant advantages including the rapid and quantitative detection of transferred gene expression in the desired target cell population by flow cytometry; the efficient and nontoxic selection of transduced target cells by fluorescence-activated cell sorter (FACS) or other immuno-based selection techniques; and the tracking of transduced cells and their progeny both in vitro and in vivo. However, the applicability of this approach to primitive hematopoietic cells has not, as yet, been demonstrated. Moreover, the genes used to date as selectable markers are relatively large, leaving limited space in the retroviral vector for other genes of interest.
We have recently cloned cDNAs encoding the human hematopoietic cell surface antigen CD24, and its murine homologue the heat stable antigen (HSA).". 33 The function of these molecules is not yet resolved although CD24 has been associated with activation and differentiation events in B cells as well as the oxidative burst response in granulocytes,'2.3' and roles for HSA in T-cell development and activation have been s~g g e s t e d .~~,~~ Both antigens are glycoproteins attached to the outer surface of the plasma membrane by a glycosyl phosphatidylinositol lipid anchor and are expressed on multiple lineages of hematopoietic cells. The mature peptides are only 30 to 35 amino acids in size with the entire coding region being encompassed within an approximate 240-bp DNA fragment. In addition, the mature CD24 and HSA proteins share only limited sequence homology (57%) with one another and antibodies to CD24 and HSA Blood, Vol 84, No 9 (November l ) , 1994: pp [2868] [2869] [2870] [2871] [2872] [2873] [2874] [2875] [2876] [2877] are not cro~s-reactive.~~,~~ These features of small coding size, potential for cell surface expression on multiple hematopoietic lineages, and limited homology suggested to us that HSA and CD24 would be possible candidates for selectable markers of gene transfer to heterologous hematopoietic cells. In this study we show the feasibility of using CD24 for the identification and selection of retrovirally transduced primary cells of the murine hematopoietic system.
MATERIALS AND METHODS
Animals. Animals used in these experiments were 8-to 12-weekold (C57BU6J x C3WHeJ)FI (B6C3F1) male and female mice bred and maintained in the animal facility of the British Columbia Cancer Research Centre from parental strain breeders originally obtained from the Jackson Laboratories (Bar Harbor, ME). Mice used as bone marrow (BM) donors in competitive repopulation experiments were 10-to 14-week-old male or female (C57BU6Ly-Pep3b X C3H/ HeJ)Fl (PepC3F1) mice. B6C3F1 and PepC3F1 mice are phenotypically distinguishable on the basis of allelic differences at the Ly5 locus; B6C3F1 mice are homozygous Ly5.2 and PepC3F1 mice are Ly5.lLy5.2 heterozygotes.
Retroviral vectors. All experiments used a retrovirus derived from the JZenl retroviral backbone provided by Dr S. Cory (Walter and Eliza Hall Institute, Melbourne, Australia). The 3' long terminal repeat (LTR) of JZenl is derived from the myeloproliferative sarcoma virus (MPSV)." To construct JZenCD24tkne0, a 310-bp Sal I fragment containing bp 1 to 303 of the published CD24 cDNA sequence3' and encompassing the entire 240-bp coding region was removed from PAX1 1436 and inserted into the Xho I site of JZenh e 0 using standard procedures. JZentkneo was constructed by inserting into the HpaI-Hind11 sites of JZenl a 1,092-bp SmaI-HindII fragment from pTZ19Rtkneo that contains the neoR gene linked to a mutant polyoma virus enhancer tandem repeat and herpes simplex virus thymidine kinase gene promoter isolated from pMClneo."
Cell lines. The ecotropic packaging cell line, GP+E-86,39 and the amphotropic cell line, GP+AM12,Q were used to generate helper-free recombinant retrovirus. The cell lines were maintained in HXM medium composed of Dulbecco's modified Eagle's medium (DMEM; StemCell Technologies, Vancouver, BC, Canada), 10% heat-inactivated (55°C for 30 minutes) newborn calf serum (GIBCO/ BRL Canada, Burlington, Ontario), hypoxanthine (15 pg/mL; Sigma Chemical CO, St Louis MO), xanthine (250 pg/mL; Sigma), and mycophenolic acid (25 pg/mL; Sigma). Viral packaging cells were maintained in HXM medium supplemented with 1 mg/mL (approximately 0.6 mg/mL active compound) of the neomycin analog G418 (GIBCO/BRL). The interleukin-3 (IL-3)-dependent murine hematopoietic cell line Ba/F34' was maintained in RPM1 with 10% fetal calf serum (FCS) and 5% mouse spleen cell conditioned medium (SCCM) (Stemcell Technologies). All cells were cultured at 37°C in a humidified atmosphere of 5% CO, in air.
Retrovirus production. GP+AM 12 cells were first transfected with the JZenCD24tkneo retroviral vector using calcium phosphate precipitation. Supernatant from these cells was then used to infect GP+E-86 cells. Infected cells were selected in 1 mg/mL G418 to obtain a polyclonal population of GP+E-86 JZenCD24tkneo viral producer cells (hereafter termed CD24 virus producers). The viral titer was 5 X lo5 colony-forming unit (CFU)/mL as assessed by transfer of G41 8 resistance to NIH 3T3 fibroblasts. Absence of helper virus was verified by failure to serially transfer virus conferring G418 resistance to NIH 3T3 cells.
Virus infecrion of marrow cells. BM cells from adult male or female B6C3F1 or PepC3F1 mice injected 4 days previously with 5-fluorouracil (5-FU; 150 mgkg body weight) were flushed from femoral shafts with ct medium and 5% FCS (StemCell Technologies). For coculture infections 3 X IO6 marrow cells were incubated on a confluent monolayer of irradiated (1,500 cGy x-rays) CD24 viral producer cells for 24 to 48 hours in medium composed of DMEM, 15% FCS, 10 ng/mL human IL-6, 6 ng/mL murine IL-3, 100 ng/mL murine Steel factor, and 7 pg/mL polybrene (Sigma). All growth factors were used as diluted supernatants from transfected COS cells prepared in the Terry Fox Laboratory. Cells used for competitive repopulation experiments were incubated for 48 hours in the above medium in the absence of polybrene before coculture with viral producer cells in an effort to enhance gene transfer to the most primitive ~e l l s . 4~"~ Loosely adherent and nonadherent cells were recovered by gentle agitation and washing of dishes. Cells were pelleted, resuspended in fresh culture medium, and incubated for a further 48 hours at 37°C to allow for expression of the transferred CD24 gene. In some experiments phenotypic analysis of Ly5. I donor-derived peripheral blood leukocytes was achieved through double-antibody labeling with Ly5. I-FITC in combination with one of Gr-I-PE (from hybridoma RB6-8C5 provided by Dr G . Spangrude) to identify granulocytes, Mac-l-PE (from hybridoma MlnO; American Type Culture Collection [ATCC], Rockville, MD) to identify macrophages, B220-PE (from hybridoma RA3-6B2; Dr Spangrude) to identify B lymphocytes or Lyl-PE (from hybridoma TIB104; ATCC) to identify T lymphocytes as described below. Levels of expression of the transferred CD24 gene in cells from repopulated mice were assessed by staining peripheral blood samples with anti-CD24 tetrameric antibody complexes and R-phycoerythrin (R-PE) as described above. CD24 expression among peripheral blood leukocytes was analyzed by staining peripheral blood samples with anti-CD241R-PE tetramers in combination with FITC-labeled Gr-l to identify granulo-cytes, Mac-l for macrophages, Lyl for T cells, and B220 for B cells.
FACS sorting. Cells were sorted on a FACStar' (Beckton Dickinson) equipped with a 5-W argon and a 30-mW helium neon laser. Cells were collected in sterile Eppendorf vials in medium with 50% FCS.
In vitro clonogenic progenitor assays. Sorted and unsorted BM cells were plated in 35-mm Petri dishes (Greiner, Stuttgart, Germany) in 1.1 mL culture mixtures containing 0.8% methylcellulose in a medium supplemented with 30% FCS, 1% bovine serum albumin (BSA), moVL P-mercaptoethanol, 3 U/mL human urinary erythropoietin (Epo), 2% spleen cell conditioned medium (SCCM), and 10% agar-stimulated human leukocyte conditioned medium, all of which were obtained from StemCell Technologies. Cells were plated in the presence or absence of 1.5 mg/mL (-0.9 mg/mL active compound) of G418 (GIBCO/BRL Canada) and incubated at 37°C in 5% CO,. Large single and multilineage colonies were scored after 8 to 14 days of incubation according to standard criteria.'" CFU-S assay. Lethally irradiated B6C3F1 mice (910-950 cCy, 110 cGy/min, '37Cs y-rays) were injected intravenously with I X IO3 to 1 X lo4 cells from the indicated cell fraction. Twelve days later, animals were killed and well-isolated macroscopic spleen colonies individually dissected and suspended for flow cytometric and DNA analysis.
Competitive repopularing unit (CRU) assay. Limiting numbers of sorted or unsorted BM cells derived from PepC3F1 (Ly5. ILy5.2) donors were injected into lethally irradiated B6C3Fl (Ly5.2) recipients together with a lifesparing dose of Ly5.2 competitor BM cells; either I X lo5 marrow cells from a normal mouse or 2 X 10' marrow cells from a compromised animal!* The function of these latter cells is to ensure the short-term survival of the recipient after the irradiation procedure. The level of reconstitution of recipients with donor (Ly5.1) cells was assessed at 5 or 16 weeks posttransplantation by flow cytometric analysis of peripheral blood samples (50 to 100 pL) obtained by tail-vein puncture.
Southern blot analysis. DNA was purified from NaDodSOdproteinase K-digested cells by phenol/chloroform e~traction.~~ DNA was dialyzed for 16 hours against 1 X TE (10 mmoVL Tris pH 7.5, 1 moVL EDTA pH 8.0) buffer and digested with Xbal or EcoRI (BRL) at 37°C for 12 to 16 hours. After ethanol precipitation, DNA was dissolved in 20 pL of 1 X TE buffer, separated on a 0.8% agarose gel, and transferred to a nylon membrane (Zeta-Probe; BioRad, Richmond, CA) by blotting. Membranes were subsequently probed using a fragment of the neomycin resistance (neoR) gene or the CD24 cDNA '*P labeled by random priming.
RESULTS
The CD24 viral vector. To explore the possible use of CD24 as a selectable cell surface marker, the retroviral vec- the minimal 240-bp CD24 cDNA sequence encompassing the complete coding region under the control of the MPSV long-terminal repeat enhancer and promoter regulatory elements. For these initial feasibility studies neoR was also included in the vector to aid in viral titering and to provide an independent means to assess gene transfer. A CD24 viral producer was generated using the ecotropic GP+E-86 packaging line and had a titer of -S X IO5 CFu/mL as assessed by neoR gene transfer to NIH-3T3 cells.
Transfer of the CD24 gene to hematopoietic cells was initially evaluated in IL-3-dependent murine B d F 3 cells.
Approximately 80% of Ba/F3 cells were found to express high levels of surface CD24 antigen after 2 days of cocultivation with CD24 viral producers and a further 5 days of growth in the absence of G418 selection (Fig 2) . Similar levels of expression were detected as early as 12 hours postinfection (data not shown). of the BM cells recovered after cocultivation infection without prior growth factor prestimulation were positive for the CD24 cell surface antigen (see Fig 3, top panel). In three experiments 96% t 3.6% of in vitro clonogenic progenitors recovered in the CD24+ fraction were G418-resistant compared with 3 5 6 9 % in the unsorted marrow population (see Fig 3, bottom panel) . Some G418-resistant progenitors (12% to 27%)
were also detected in the CD24-fraction, likely as a result of overlap between the CD24' and CD24-cell populations and the relatively low sorting threshold chosen. CD24-and CD24+ fractions were also assayed for day 12 CFU-S. A summary of findings from three experiments are presented in Table 1 . All spleen colonies derived from the CD24' fraction (37 of 37 analyzed) were positive both for proviral DNA sequences and significant levels of CD24 CFU-S-derived spleen colonies are presented in Table 1. expression above background staining (range 5% to 79% of cells analyzed). The observation that not all cells within a colony expressed detectable levels of CD24 is likely a result of some admixture of contaminating inter-colony cells as well as differences in the absolute level of CD24 expression on cells within each colony. In contrast, only approximately 50% of spleen colonies derived from the unsorted marrow (13 of 30) showed evidence of gene transfer by Southern blot analysis. Furthermore, only 4 of 13 marked colonies were positive for expression of the transferred CD24 gene. Surprisingly, a significant proportion of spleen colonies derived from the CD24-fraction (15 of 26) were also found to contain intact provirus, although only three expressed detectable levels of CD24. Thus, retrovirally transduced day 12 CFU-S can be successfully enriched based on their immediate expression of a transduced CD24 gene. In addition, the differentiating day 12 progeny of the CFU-S thus selected also show maintained expression of the transduced CD24 gene in vivo.
Selection by FACS of CD24-virus-infected CRV. Subsequent experiments were conducted to determine the feasibility of selecting CD24 transduced CRU by FACS. In an effort to facilitate gene transfer to repopulating cells, day 4 5-FU BM cells were prestimulated with growth factors for 48 hours before coculture with CD24 viral producer cells. The CD24 expression profiles of nonadherent cells recovered 48 hours after the coculture period for two experiments are shown in Fig 4. Greater than 50% of cells were CD24+ using this infection protocol compared to 33% with no prestimulation (see Fig 3, top panel) . Unsorted and sorted CD24-or CD24+ cells (Fig 4, Expt 1) from Ly5.1 donor mice were injected into lethally irradiated Ly5.2 recipients under competitive repopulating conditions. In preliminary studies, injection of limiting numbers of BM cells recovered after the sorting procedure showed a competitive repopulating cell frequency of approximately 1/1 X lo4 (data not shown).
Therefore, recipients were transplanted with lo4 or 4 X lo4 unsorted or sorted cells in an effort to minimize the likelihood of CD24-CRU contributing to the transplant due to contamination of the CD24+ fraction. Based on the proportion of uninfected control cells found within the CD24' sorting window (0.7%, Fig 4, Expt l) , our calculations predict that for every 2 X lo4 cells sorted less than 0.014 CD24-(ie, contaminating) CRU would be found within the positive sort window because of occurrences such as nonspecific binding of the CD241RPE tetrameric antibody complex.
For recipients transplanted with cells from the CD24' fraction, 10 of 11 were found to be reconstituted with provirus-containing CRU 5 weeks posttransplantation (see Table  2 ). Expression of CD24 on peripheral blood leukocytes of these mice ranged from 7% to 24%. In three mice, evidence of the same proviral integration fragments in cells of both myeloid and lymphoid tissues suggested gene transfer to a totipotent repopulating cell. Retrovirally infected CRU were also found in the CD24-fraction, with 8 of 1 1 mice showing evidence of proviral marking in either BM and/or thymus DNA. However, none of these eight recipients showed detectable levels of CD24 expression on peripheral blood leukocytes. Of five recipients injected with unsorted BM cells, Shown are the number of mice found to be positive for reconstitution with retrovirally marked cells or CD24 cell surface expression on peripheral blood (PB) leukocytes over the total analyzed at 5 weeks posttransplantation.
* Retroviral marking was assessed by Southern blot analysis of BM and thymus from each transplanted recipient. Blots were separately probed with 32P-labeled fragments of the neoR gene and CD24 cDNA with identical results.
t Expression of the CD24 antigen o n peripheral blood leukocytes was assessed by staining peripheral blood samples depleted of erythrocytes with anti-CD241R-PE tetrameric antibody complexes and analysis by flow cytornetry. all five were repopulated with retrovirally marked cells but only two showed detectable levels of CD24 expression in peripheral blood cells. These results demonstrate that, as for day 12 CFU-S, CD24 expression in combination with FACS can be used for the selection of retrovirally transduced CRU whose progeny maintain expression of the transferred CD24 gene for at least 5 weeks posttransplantation.
These findings were confirmed and extended in a second experiment in which retrovirally infected Ly5.1 BM cells were sorted into CD24-as well as CD24+'"", CD24+Ined, and CD24+h'gh fractions 48 hours postinfection (see Fig 4, Expt 2). Limiting numbers (1 X lo4) of cells from each of the four fractions were then injected into lethally irradiated Ly5.2 recipients under competitive repopulating conditions. Based on the sorting windows chosen (Fig 4, Expt 2 ) our calculations suggest that for every 2 X lo4 cells sorted, less than 0.09, 0.03, and 0.0004 CD24-CRU were sorted, respectively, in the CD24+'"", CD24+""', and CD24+hifh windows because of occurrences such as nonspecific antibody staining. In these experiments, recipients were analyzed 16 weeks posttransplantation for evidence of Ly5.1 donor cell-derived repopulation, CD24 and neoR gene expression, and evidence of proviral marking (see Table 3 ). Mice transplanted with CD24+'"", CD24+Ined, or CD24+high cells all showed significant levels of multilineage (ie, lymphoid and myeloid) Ly5.1 donor cell-derived repopulation and all recipients of CD24' selected marrow cells again showed evidence of proviral marking in BM and/or thymus DNA (Fig 5) . In six of these Phenotypic analysis of Ly5.1 donor-derived peripheral blood leukocytes was achieved by double-antibody labeling with Ly5.1-FITC antibody in combination with one of Gr.-1-PE to identify granulocytes, Mac-l-PE to identify macrophages, Ly-1-PE to identify T lymphocytes and B220-PE to identify B lymphocytes. (L) represents lymphoid restricted repopulation, (M) myeloid restricted repopulation, and (UM) stands for multilineage (lymphoid and myeloid) repopulation. mice (mouse ml. CD24""" fraction; mice ml, m3, and m4, CD24'"'d fraction; and mice ml and m2, CD24+high fraction; Fig 5) retroviral marking patterns observed by Southern blot analysis of BM and thymus were clearly indicative of gene transfer to a totipotent long-term repopulating cell. The degree of Ly5.1 donor cell repopulation among these mice strongly correlated with the intensity of proviral marking (Fig 5) , an observation consistent with gene transfer to all repopulating cells in the CD24' fractions. However, contrary to the results obtained for reconstituted cells present 12 days and 5 weeks posttransplant, CD24 expression was poorly maintained at the later time point analyzed in this experiment. In this case, in only two of eight mice repopulated with cells from the CD24' fractions (mice m2 and m3, CD24f"ed cells) were CD24' peripheral blood (4.3% and 17.1%, respectively) or BM cells (3.4% and 42%, respectively) still present. In the other six mice, CD24' cells were not detected although provirally marked cells were present in the BM and/or thymus of all of these animals. Additional analysis of BM and thymus DNA from these mice showed no gross rearrangements in proviral structure to account for the lack of expression in these recipients (data not shown). Lack of CD24 expression also did not appear to be a result of promoter interference because G41gR clonogenic progenitors were detected only in those mice showing CD24 expression on peripheral blood leukocytes (Table 3) .
Long-term multilineage expression qf CD24. To examine further the persistence and cell lineage pattern of CD24 expression after CD24 retroviral gene transfer, mice were transplanted under competitive repopulating conditions with relatively large numbers of unsorted BM immediately after infection by coculture with CD24 viral producer cells as above. Six mice received 4 X IO' to 2 X 10' cells estimated to contain 13 to 66 CRU based on a CRU frequency of l / 3,000 immediately post cocultivation. At 16 weeks posttransplantation, analysis showed that Ly5.1+ (donor cell-derived) peripheral blood leukocytes were present in all mice (range 16% to 90%) and in five of the six mice peripheral blood leukocytes expressing CD24 (range 8% to 46%) were detectable. Double-antibody staining for CD24 and lineage-specific cell surface antigens showed that in all five of these recipients there were lymphoid, myeloid, and erythroid cells expressing the transduced CD24 gene. Representative flow cytometric profiles for one of these mice are shown in Fig  6. Further, high levels of CD24 expression were detected in all hematopoietic tissues tested in this mouse including BM, spleen, and thymus (see Fig 7) .
DISCUSSION
In this study we have tested the utility of a cDNA encoding CD24, a human cell surface antigen, for the immediate post- Log fluorescence
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Flow cytometric analysis of CD24 expression in the hematopoietic tissues of a mouse competitively repopulated with CD24 retrovirus-infected BM 4 months posttransplantation. Cells were stained with anti-CD24/R-PE tetrameric antibody complexes. Peripheral red blood cells either were or were not depleted before the staining procedure.
behavior. An interesting finding of this study was that CD24 expression observed in primitive retrovirally infected cells at the time of selection was also maintained in their progeny, although this did decrease with time after transplantation. The most dramatic evidence of continued CD24 expression was seen at the level of Cm-S; 100% of the retrovirally infected day 12 CFU-S in the sorted CD24+ fraction gave rise to spleen colonies that were also positive for CD24 expression. In contrast, despite the detection of intact provirus in approximately half of the CFU-S in the initial (unsorted) or CD24-fraction, only a minority of these yielded colonies of cells expressing detectable levels of CD24. One explanation for this observation is that the expression of the transferred CD24 gene is integration-site dependent. Similarly, most mice transplanted with limiting numbers of sorted CD24' CRU were found to have CD24 expressing peripheral blood leukocytes 5 to 6 weeks posttransplantation (experiment l), whereas such cells were not observed in animals repopulated with CRU from the CD24-fraction despite the presence of provirus in the marrow andor thymus of a number of these. Sustained expression of CD24 in recipients of initially selected CD24+ CRU was also observed 4 months posttransplantation, although in a small proportion of mice despite the persistence of retrovirally marked cells in myeloid and/or lymphoid tissues in all. Neither gross rearrangement in proviral structure (as assessed by Southern blot analysis) or promoter interference between the CD24 and neoR genes could account for the lack of CD24 expression observed in these mice. The loss of CD24 expression in some long-term repopulated mice transplanted with CD24+ selected cells is suggestive of a shutdown of exogenous promoter activity in vivo, a phenomenon that has been previously rep~rted.~".~' Such shutdown of promoter activity may be related to the methylation status of the regulatory element^.^^-^^ However, others have reported the continued expression of transferred genes such as human CD855 and the human glucocerebrosidase gene" for long periods posttransplantation. However, it is important to note that in our studies recipients were purposely transplanted with only one or few stem cells to enable the analysis of gene expression at the clonal level whereas in the studies mentioned above recipients were not transplanted at limiting dilution. Indeed, we observed that virtually all animals receiving an excess of 10 (unselected) CRU showed continued long-term expression of the transferred CD24 gene consistent with previous results of others. Our results would suggest that at least for long-terminal repeat-driven gene expression the phenomenon of promoter shutdown may be more widespread than previously appreciated. Moreover, it may be that mice repopulated with limiting numbers of CD24' selected cells continue to express the transferred CD24 gene but at levels below that which can be detected with FACS. Because of the ease and sensitivity of methods for monitoring transduced CD24 expression in peripheral blood cells, this vector construct should be well suited for further studies of vector modifications that may abrogate promoter shutdown in primitive hematopoietic cells and their long-term progeny.
The CD24 cell surface antigen can be used not only as a marker for the selection of retrovirally infected target cells but also as a reporter molecule for the phenotyping of target and progeny cells. Double-staining procedures performed on the peripheral blood of irradiated recipients repopulated with CD24 virus-infected cells showed that all hematopoietic lineages were able to express the transferred CD24 gene including granulocytes, macrophages, erythrocytes and to a lesser extent, B and T lymphocytes. Depressed levels of expression in lymphoid cells may reflect cell lineage-specific differences in MPSV promoter activity. Therefore, these results would suggest that the use of CD24 might aid in the identification of regulatory elements that differentially optimize transferred gene expression in specific tissues or cell lineages. Of particular interest in this regard was the noted expression of transduced CD24 on mature red blood cells. This may provide unique advantages for its use as a reporter molecule to identify erythroid specific regulatory elements and should, at the very least, facilitate the design of vectors for use in gene therapy applications to red blood cell disorders.
No gross abnormalities in hematopoiesis were observed in mice expressing high levels of CD24 after transplantation with CD24 virus-infected marrow compared with normal control animals. Further, sustained multilineage expression in recipient mice at least 4 months posttransplantation shows that the use of such a foreign antigen as a retroviral marker is compatible with long-term expression in hematopoietically reconstituted lethally irradiated recipients.
In conclusion, this study has shown the feasibility of using the CD24 cell surface antigen as a selectable marker and a reporter molecule in primary hematopoietic cells including the most primitive elements of this system. This technique should prove useful as a method for rapidly testing various retroviral infection protocols as well as the identification of regulatory elements that optimize gene expression in primitive hematopoietic stem cells or other target cells of interest. Extension of this approach to the human setting is now being pursued using retroviral vectors containing the murine CD24 homologue, HSA.
